Background-Rare mutations in the mitochondrial genome may cause disease. Mitochondrial haplogroups defined by common polymorphisms have been associated with risk of disease and longevity. We tested the hypothesis that common haplogroups predict risk of ischemic cardiovascular disease, morbidity from other causes, mortality, and longevity in a general population of European descent. Methods and Results-We followed 9254 individuals from the Danish general population, in the Copenhagen City Heart Study, prospectively for risk of ischemic cardiovascular disease, morbidity from other causes, and mortality during 25 and 11 years, respectively. Haplogroup frequencies were as follows: H (45.9%), U (15.9%), T (9.9%), J (9.1), K (6.2%), V (4.5%), W/I (3.8%), and Z (3.5%). Hazard ratios for hospitalization due to all cardiovascular disorders (haplogroup U: 1.0 [95% confidence interval{CI}, 0.9 to 1.1]; T: 0.9 [95% CI, 0.8 to 1.0]; J: 1.0 [95% CI, 0.9 to 1.1]; K: 1.0 [95% CI, 0.9 to 1.2]; V: 1.0 [95% CI, 0.9 to 1.2]; W/I: 0.8 [95% CI, 0.7 to 1.0]; Z: 1.0 [95% CI, 0.8 to 1.2]), ischemic heart disease (U: 0.9 [95% CI, 0.8 to 1.1]; T: 0.9 [95% CI, 0.7 to 1.0]; J: 1.1 [95% CI, 0.9 to 1.2]; K: 1.1 [95% CI, 0.9 to 1.3]; V: 1.1 [95% CI, 0.9 to 1.4]; W/I: 1.1 [95% CI, 0.8 to 1.4]; Z: 1.1 [95% CI, 0.8 to 1.4]), and ischemic cerebrovascular disease (U: 1.1 [95% CI, 0.9 to 1.4]; T: 0.9 [95% CI, 0.7 to 1.2]; J: 1.1 [95% CI, 0.9 to 1.4]; K: 1.0 [95% CI, 0.8 to 1.4]; V: 1.1 [95% CI, 0.8 to 1.5]; W/I: 0.8 [95% CI, 0.5 to 1.3]; Z: 0.9 [95% CI, 0.6 to 1.4]) did not differ from 1.0 for any haplogroup versus the most common haplogroup H. Results were similar for hospitalization due to infectious and parasitic diseases, respiratory infections, respiratory disorders, malignant neoplasms, digestive disorders, musculoskeletal disorders, neuropsychiatric disorders, and miscarriages. Likewise, hazard ratios for death from all causes were not different from 1.0 for any haplogroup versus haplogroup H (U: 1.0 [95% CI, 0.8 to 1.1]; T: 0.9 [95% CI, 0.8 to 1.1]; J: 0.9 [95% CI, 0.8 to 1.1]; K: 1.0 [95% CI, 0.8 to 1.2]; V: 1.1 [95% CI, 0.9 to 1.3]; W/I: 0.8 [95% CI, 0.7 to 1.1]; Z: 0.9 [95% CI, 0.7 to 1.2]). Finally, after stratification by major causes of death, hazard ratios remained insignificant. Conclusions-Our results do not support an association of mitochondrial haplogroups with risk of ischemic cardiovascular disease, morbidity from other causes, mortality, or longevity in a large general population of European descent.
goes negligible intermolecular recombination. Mutations acquired throughout human history have subdivided the human population into a number of discrete mitochondrial clades or haplogroups. 4 The haplogroups exhibit region-specific sequence variation in indigenous populations, a phenomenon that has been attributed to genetic drift and/or possibly climatic selection. [5] [6] [7] More than 75 human diseases have been associated with rare mutations in the mitochondrial genome, mutations that either impair mitochondrial protein synthesis or impair proteins encoded by the mitochondrial genome. 8 Recently, numerous reports have suggested a role for mitochondrial haplogroups, defined by the presence or absence of common polymorphisms, in the pathogenesis of ischemic cardiovascular disease and other diseases, as well as in longevity. 9, 10 However, other reports could not confirm such associations, 10 -12 emphasizing the need for large, prospective population-based studies to clarify this. Several studies have speculated that mitochondrial haplogroups are associated with differences in the amount of superoxide and other reactive oxygen species produced in the electron transport chain. This could lead to differences in oxidative stress on cells and thereby to differences in morbidity, mortality, and longevity between individuals with different haplogroups. 9, 10 We tested the hypothesis that mitochondrial haplogroups predict risk of ischemic cardiovascular disease, morbidity from other causes, mortality, and longevity in the general population. For this purpose, we genotyped 9254 individuals from the Danish general population, in the Copenhagen City Heart Study, for the 8 most common haplogroups in European populations. Individuals were followed prospectively for morbidity and mortality for 25 and 11 years, respectively.
Methods

Participants
The Copenhagen City Heart Study is a prospective study of the Danish general population initiated in 1976 -1978 with follow-up examinations in 1981-1983, 1991-1994, and 2001-2003 , including individuals randomly selected on the basis of the national Danish Civil Registration System to reflect the adult general population. All 4 examinations included a self-administered questionnaire, a physical examination, and blood samples. 13 Participants in this study were those who gave blood for DNA extraction. Individuals were followed from baseline, defined as the first examination in which they participated, until the occurrence of disease, death, or the beginning of 2004, whichever came first. Participants were followed with their unique Central Person Register number, and follow-up was 100% complete. Median follow-up was 25 years for studies on morbidity and 11 years for studies on mortality. More than 99% of participants were of Northern European descent. The Danish Research Ethics Committee for Copenhagen and Frederiksberg approved this study (No. KF version 100.2039/91). All participants gave written informed consent.
End Points
We collected information on morbidity and mortality on all participants (nϭ9254) from 4 population registries, as follows: (1) Information on morbidity was obtained from the national Danish Patient Registry and was subdivided according to the Global Burden of Disease classification 14 ; (2) information on diagnosis of invasive cancer was from the national Danish Cancer Registry 15 ; (3) information on cause-specific mortality was from the national Danish Causes of Death Registry 16 and was subdivided according to the Global Burden of Disease classification 14 Revision codes 390 to 458 and I00 to I99, respectively). Ischemic cardiovascular disease was ischemic heart disease (myocardial infarction and angina pectoris; codes 410 to 414 and I20 to I25, respectively) and ischemic cerebrovascular disease (ischemic stroke, transient ischemic attack, and amaurosis fugax; codes 430 to 437, I63, I65 to I66, and G45). Information on diagnosis of ischemic heart disease was verified by reviewing all hospital admissions and diagnoses entered in the national Danish Patient Registry and all causes of death entered in the national Danish Causes of Death Registry and medical records from hospitals and general practitioners. Ischemic heart disease was myocardial infarction or characteristic symptoms of angina pectoris based on location, character, and duration of pain and the relation of pain to exercise. 17 A diagnosis of myocardial infarction required the presence of at least 2 of the following criteria: characteristic chest pain, elevated cardiac enzymes, and ECG changes indicative of myocardial infarction.
Experienced neurologists reviewed all potential cases of ischemic cerebrovascular disease, ie, amaurosis fugax (transient blindness in 1 eye only), transient ischemic attack (focal neurological symptoms lasting Ͻ24 hours), or ischemic stroke (acute disturbance of focal or global cerebral function with symptoms lasting Ն24 hours or leading to death with presumably no other reason than of vascular origin). Computed tomography or magnetic resonance imaging scan, autopsy, spinal fluid examination, or surgical description distinguished between infarction, intracerebral hemorrhage, and subarachnoid hemorrhage.
Baseline Examination and Laboratory Measures
Hypertension was defined as systolic blood pressure Ն140 mm Hg, diastolic blood pressure Ն90 mm Hg, or use of antihypertensive medication. Body mass index was expressed as weight in kilograms divided by height in meters squared. Smokers were defined as current smokers. Diabetes mellitus was defined as a registered diagnosis in the national Danish Patient Registry, self-reported disease, use of antidiabetic drugs, or a nonfasting plasma glucose Ͼ11 mmol/L. Colorimetric and turbidimetric assays were used to measure plasma levels of total cholesterol, high-density lipoprotein cholesterol, and triglycerides. Low-density lipoprotein cholesterol was calculated as total cholesterolϪhigh-density lipoprotein choles-terolϪ(triglyceridesϫ0.45) (all in mmol/L).
Genotype Determination
Genotyping (mtDNA reference sequence, NCBIgi:113200490: mt7028tϾc, mt10398aϾg, mt11719gϾa, nt12308aϾg, mt12612aϾg, and mt15607aϾg) was determined by TaqMan assays (Applied Biosystems Inc, Foster City, Calif). Primers, TaqMan probes, and polymerase chain reaction conditions are available from the authors on request.
Statistical Analysis
Data were analyzed with Stata 9.2. PϽ0.05 on a 2-sided test was considered significant. Probability values were corrected for multiple comparisons by the Bonferroni method (required significance levelϭ0.05/number of comparisons). This changed the required significance levels from Ͻ0.05 to Ͻ0.004 for risk factors for ischemic cardiovascular disease (0.05/12ϭ0.004; Table 1 ), Ͻ0.0003 for morbidity (0.05/7ϫ22; Table 2 ), and Ͻ0.001 for mortality (0.05/7ϫ7; Table 3 ). ANOVA and Pearson 2 test compared continuous variables and categorical variables between mitochondrial haplogroups, respectively.
With the use of left truncation (or delayed entry), Cox proportional hazards regression models with age as time scale and adjusted for gender (or multivariably) estimated hazard ratios for morbidity and mortality as a function of haplogroups. Age as time scale implies that age is automatically adjusted for. Multivariable adjustment was for gender, age, total cholesterol, body mass index, alcohol consumption, hypertension, diabetes mellitus, smoking, and, for women, menopausal status and use of hormone replacement therapy. Hazard ratios for all cardiovascular disorders, ischemic cardiovascular disease, ischemic heart disease, myocardial infarction, ischemic cerebrovascular disease, and ischemic stroke were in addition adjusted for low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides. For multivariable adjustments, we used time-dependent covariates from the 1976 -1978, 1981-1983, 1991-1994, and 2001-2003 examinations. Proportionality of hazards over time was tested to ensure that this assumption of the Cox proportional hazards regression was fulfilled on the basis of Schoenfeld residuals. For each analysis, individuals with end points developed before study entry was excluded. Survival curves and log-rank tests compared cumulative incidences of death as a function of age and haplogroups.
Power was calculated with the NCSS-PASS programs and estimated with the use of ␣ϭ0.05 (Pϭ0.05), the size of the sample population (ie, 9254 excluding nonincident events), the frequency of the event (morbidity or mortality) in the sample population, and the frequencies of the haplogroups. For comparison with other studies, power was estimated for a given hazard ratio, or hazard ratio was estimated for a given power. Power calculations were not adjusted for multiple testing (corrected type I error rate), and the adjusted power would therefore be lower and the adjusted hazard ratios higher than those given in the Discussion.
All authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Frequencies of Polymorphisms and Haplogroups
Polymorphisms defining haplogroups represented in the Danish population had minor allele frequencies ranging from 0.10 to 0.49 ( Figure 1A , left, and 1B). All 6 polymorphisms are located in coding regions; however, 12308aϾg is not transcribed and 7028tϾc(A341A), 11719aϾg(G320G), 12612aϾg(V92V), and 15607aϾg(K287K) do not result in amino acid substitutions. Only 10398aϾg(A114T) changes an amino acid but at a position that is not conserved between orthologous genes ( Figure 1A , right). Haplogroup frequencies were 45.9% for haplogroup H, 15.9% for U, 9.9% for T, 9.1% for J, 6.2% for K, 4.5% for V, 3.8% for W/I, and 3.5% for Z. Individuals with combinations of polymorphisms not included in the known European haplogroups (nϭ126) were excluded from further analyses; among these were 7 individuals who were heteroplasmic verified by sequencing of 2 independent blood samples. With the use of minor allele frequencies of the polymorphisms as a measure of time since they were introduced into the population, a phylogenetic tree was constructed ( Figure 1B ).
Risk Factors for Ischemic Cardiovascular Disease
Risk factors for ischemic cardiovascular disease of subjects from the general population stratified by mitochondrial haplogroups are shown in Table 1 . No convincing associations were found between mitochondrial haplogroups or polymorphisms and major risk factors for ischemic cardiovascular disease, and none remained significant after Bonferroni correction for multiple comparisons (Table 1 and data not shown).
Morbidity From Ischemic Cardiovascular Disease and Other Diseases
Multivariably adjusted hazard ratios for hospitalization due to ischemic cardiovascular disease, ischemic heart disease, myocardial infarction, ischemic cerebrovascular disease, and ischemic stroke did not differ from 1.0 for any of the haplogroups versus the most common haplogroup H ( Figure  2 and Table 2 ). Similar results were seen for hospitalization due to infectious and parasitic diseases, respiratory infections, respiratory disorders, all cardiovascular disorders, malignant neoplasms, digestive disorders, musculoskeletal disorders, neuropsychiatric disorders, and miscarriages ( Table 2) . However, we observed discrete and nonsystematic deviations for Values are hazard ratio (95% CI); nϭnumber of events in haplogroup. All hazard ratios were adjusted for gender, age, total cholesterol, body mass index, alcohol consumption, hypertension, diabetes mellitus, smoking, and, for women, menopausal status and use of hormone replacement therapy. Hazard ratios for cardiovascular disorders and subgroups thereof were in addition adjusted for low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides. For diagnoses, see the online-only Data Supplement. *0.01ϽPϽ0.05. Bonferroni-corrected P: Ͻ0.05/22ϫ7ϭϽ0.0003.
cardiovascular disorders, respiratory infections, hematologic cancer, urologic cancer, diabetes mellitus, and neuropsychiatric disorders (0.01ϽPϽ0.05), which all became nonsignificant when Bonferroni corrected for multiple comparisons ( Table 2 ). Unadjusted hazard ratios and gender-specific hazard ratios were similar (data not shown). Analyzing data for each of the 6 polymorphisms separately ( Figure 1A , left column) also did not identify any associations with morbidity (data not shown).
Mortality
Multivariably adjusted hazard ratios for death from all causes were not different from 1.0 for any of the haplogroups (Table  3 ). Unadjusted hazard ratios and gender-specific hazard ratios were similar (data not shown). After stratification by major causes of death, hazard ratios remained nonsignificant ( (Figure 3 ). After correction for multiple comparisons by the Bonferroni method, these differences were no longer significant.
Discussion
In this large prospective study of a general population of Northern European descent, no evidence was found for consistent and robust associations between mitochondrial haplogroups and risk of ischemic cardiovascular disease, morbidity from other causes, or mortality. In contrast, several smaller casecontrol studies have shown associations between mitochondrial haplogroups and myocardial infarction, cerebral infarction, cancer, diabetes mellitus, and neurodegenerative diseases. 18 -36 The Asian N9b haplogroup (defined by polymorphisms at positions mt5147 and mt16519) has been reported to protect against myocardial infarction in Japanese men (odds ratio [95% CI], 0.2 [0.1 to 0.5]; 920 cases/522 controls) but not in Japanese women (695 cases/434 controls). 19 It has been speculated that this reduction in risk of myocardial infarction could be due to a reduction in the production of superoxide and other reactive oxygen species associated with this particular haplogroup 19 that thus might confer resistance to myocardial infarction. 19, 37 In another Japanese study, haplogroup A (defined by polymorphism at position mt663) has been suggested to be associated with increased risk of atherothrombotic cerebral infarction in women (odds ratio [95% CI], 2.1 [1.0 to 4.2]; 112 cases/328 controls) but not in men (234 cases/407 controls). 18 In the present study, we did not find any associations between the 8 common haplogroups examined or any of the 6 polymorphisms defining these haplogroups and risk of ischemic cardiovascular disease, even when we further subdivided the diagnostic group into ischemic heart disease, myocardial infarction, ischemic cerebrovascular disease, and ischemic stroke. In the present study, we have 80% power to exclude a hazard ratio of Ն1.1 or Յ0.8 (ie, protective) for risk of ischemic heart disease and 1.3 and 0.7 for ischemic cerebrovascular disease for the 4 most common haplogroups H, U, T, and J (80% of the population), equivalent to the odds ratios found in previous studies. 18, 19 Several haplogroups or polymorphisms have been associated with risk of cancer in case-control studies. The mt10398aϾg polymorphism present in European haplogroups J, K, and Z has been associated with increased risk of invasive breast cancer in black women (48 cases/54 controls and validated in 654 cases/ 605 controls) but not in white women (879 cases/760 controls). 20 The mt16189tϾc polymorphism (defining a subgroup of haplogroup T) has been associated with risk of endometrial cancer in Values are hazard ratio (95% CI); nϭnumber of events in haplogroup. All hazard ratios were adjusted for gender, age, total cholesterol, body mass index, alcohol consumption, hypertension, diabetes mellitus, smoking, and, for women, menopausal status and use of hormone replacement therapy. Hazard ratios for cardiovascular disorders were in addition adjusted for low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides. Results were not significant at PϽ0.05. For diagnoses, see the online-only Data Supplement.
Chinese women (51 cases/107 controls), 21 and the U haplogroup has been associated with increased risk of prostate cancer in white North American men (odds ratio [95% CI], 1.95 [CI not reported]; 221 cases/246 controls and validated in 71 cases/128 controls). 22, 23 In the present study, we did not find any associations between the 8 haplogroups examined and risk of cancer or between any of the polymorphisms defining these haplogroups and risk of cancer, even when they were further subdivided into the diagnostic groups of female and male cancer and breast, cervix uteri, corpus uteri, ovarian and vaginal cancers, and testis and prostate cancers, respectively (data not shown). In the present study, we have 90% power to exclude a hazard ratio of Ն1.65 for increased risk of male cancer for haplogroup U and 95% power to exclude a hazard ratio of Ն1.95, equivalent to the odds ratios found in previous studies. 22, 23 A role for mitochondrial haplotypes in diabetes mellitus was first suggested in 1998 by Poulton et al, 24 who, in a study of 251 men from the United Kingdom, found that the mt16189tϾc polymorphism, defining a subgroup of haplogroup T, was associated with impaired glucose tolerance (odds ratio [95% CI], 2.4 [1.1 to 5.6]). The authors later verified this finding in another case-control study, now observing an association between the mt16189 polymorphism and a diagnosis of type 2 diabetes mellitus (odds ratio [95% CI], 1.6 [1.0 to 2.7]; 552 cases/552 controls). 25 The lack of association between haplogroup T and diabetes mellitus types I and II in the present study is in accordance with a case-control study of a Finnish population that also failed to find any association between both haplogroup T and the mt16189tϾc polymorphism and type 2 diabetes (762 cases/402 controls) 26 with type 2 diabetes and 3304 matched nondiabetic individuals. 12 The latter study also failed to show association with any "metabolic" quantitative phenotypic trait such as systolic and diastolic blood pressure, lipid levels, and glucose levels, exactly like the present study. We have 90% power to exclude a hazard ratio of 1.35 for diabetes mellitus for haplogroup T and 99% power to exclude a hazard ratio of 1.6, equivalent to the odds ratio found in a previous study. 25 These conflicting results probably reflect that all the diseases studied are complex disorders, in which each poly-morphism either does not play a role or plays only a modest role, and that most studies have been severely underpowered with a high risk of type 1 error, ie, accepting a chance finding as a true difference or association. In the present study, we did not see any robust associations between haplogroups and risk of any of the diseases studied.
Mitochondrial haplogroups have also been associated with longevity, and in both an Italian and an Irish study, haplogroup J was overrepresented in centenarians (109 cases/125 controls and 129 cases/100 controls, respectively) [32] [33] [34] ; in a Finnish study of individuals aged Ͼ90 years, haplogroups J and U were enriched (225 cases/657 controls) 35 ; and in a Japanese study of centenarians, haplogroup D was enriched (11 cases/43 controls). 36 From these studies, it has been concluded that specific mitochondrial DNA lineages from Europe and Asia are "protective against the ravage of aging." 9 The mechanism for this suggested effect on aging is unknown, but from previous data it has been suggested that haplogroups associated with a longer life span are those associated with a partial uncoupling of oxidative phosphorylation and therefore reduced production of reactive oxygen species. 9 Despite our well-powered prospective study with 90% power to detect a reduction in mortality as small as a change in hazard ratio from 1.0 to 0.8 for haplogroup J (9.1%), we were unable to detect any association of mitochondrial haplogroups with mortality. Thus, our results do not support the hypothesis that common mitochondrial haplogroups play a role in longevity. Although we observed small variations in median survival and apparent differences between haplogroup V with the shortest median survival and haplogroup T and W/I with the longest survivals, these results were no longer significant after correction for multiple comparisons.
The differences in outcome of the present study and most previous studies could be due to the obvious differences in study design, ie, prospective versus case-control studies, number of events/cases included, information on confounders and ability to adjust for these, and differences in the descent of study populations. In previous studies, speculations on the mechanism for association of haplogroups with disease and longevity have been on the role of free radicals produced during electron transfer, apoptosis, and variation in cellular energy production. The present study does not address these questions directly; however, it does not support the notion that mitochondrial haplogroups are of major importance for risk of ischemic cardiovascular disease, morbidity from other causes, or longevity.
Our results should not be taken as addressing the broader hypothesis that mitochondrial mutations contribute to specific diseases because we only examined the role of common polymorphisms defining mitochondrial haplogroups. The study also does not address the effect of age-dependent somatic deletions in the mitochondrial genome or the effect of heteroplasmy because the 7 heteroplasmic individuals identified were excluded from further analysis. Some of the reasons mitochondrial haplogroups may not play a major role in morbidity and mortality are as follows: (1) From an evolutionary point of view, it would be disastrous for the primitive mitochondrion to harm its host, and mitochondria with harmful genetic variants would be eradicated from the population if they were associated with early disease or not compatible with life. In the present study, the polymorphisms defining the haplogroups are common, with rare allele frequencies between 0.1 and 0.5, and must at least have been fairly harmless to have reached such high frequencies.
(2) The diseases studied in the present study are complex diseases in which oxidative phosphorylation, as hypothesized in previous studies, may play a role; however, the polymorphisms defining the mitochondrial haplogroups are, for the most part, synonymous. Thus, only a minor part of a total of Ϸ80 different protein subunits in the mitochondrial electron transport chain and oxidative phosphorylation system would be affected because the vast majority of these proteins are encoded by nuclear genes.
We recognize that the present study has limitations and that further analysis may be required to clarify the contribution of mitochondrial haplogroups to variation in morbidity and mortality. Although our study includes a large number of carefully evaluated individuals with a long follow-up in a prospective setting, the study only includes individuals of Northern European descent, and our results are only applica- ble to populations with a similar ethnic background. In regard to events, some of the diagnoses used as end points in this study are obviously less certain than others, and some are more subjectively assessed, but the registers from which the data have been drawn are well validated, 15, 16 and minor diagnostic misclassifications must be assumed to be randomly distributed between haplogroups. Finally, power calculations were not adjusted for multiple testing, and the adjusted power would therefore be lower and the hazard ratios higher than those given above.
In conclusion, our results do not support an association of mitochondrial haplogroups with risk of ischemic cardiovascular disease, morbidity from other causes, mortality, or longevity in a large general population of European descent.
